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This paper updates several techniques developed for the Retirement For 
Cause (RFC) Nondestructive Evaluation (NDE) Inspection System eddy current 
inspection module. Techniques to be discussed include: 
1. Scallop Centering - development of an automatic scallop centering 
routine makes scallop inspections reliable. 
2. Soft Survey Mode - improvements have been made for fast peak 
detection. 
3. Method 2 Select Mode - a fine flaw detection technique based on 
the acquired waveform. 
4. Antirotation Window Inspection - a frequency select mode has been 
established for detecting flaws in antirotation windows. 
5. Scaling of Flaw Depth - a scaling factor has been developed, based 
on Phase I Reliability Test data, which converts flaw signal 
amplitude into estimated flaw depth. 
SCALLOP CENTERING 
Scallops are common geometries on gas turbine engine disks, with most 
disks having from 36 to 48 scallops of a given size. Physically, the 
scallops are shaped in a semi-circular arc with a certain angle between 
the two sharp corners and the geometric center of the region, as shown in 
Figure 1. In most cases, the scallop diameter is greater than 0.500-inch. 
To center an eddy current probe in the scallop, the operator first must 
align the disk on the fixture such that the laser alignment line is at the 
bottom of one of the scallops. This assures that the initial probe place-
ment will be within the 0.250-inch off-center tolerance required for the 
centering algorithm to work. Centering is actually performed 0.020-inch 
above the scallop region, using a rotary eddy current probe with a diam-
eter 0.010-inch less than the scallop diameter. The probe must be centered 
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within 0.001-inch for a reliable inspection. Experiments showed that as 
the probe moves around the scallop region, a strong signal occurs when the 
probe is near a corner or edge (two strong signals if there are two corners). 
When the probe is at the geometric center of the scallop, an equal amplitude 
with a specific time delay between two corner signals is observed, as seen 
in Figure 2. To automatically center the probe above the scallop, and sat-
isfy both of the centering criteria (equal amplitude and a specific time 
delay) the mechanical axis, amount of movement, and direction requirements 
must be provided to the mechanical controller. The automatic procedure that 
was developed contains four steps, each of which relates to a specific 
mechanical axis. The amount of movement and direction are deduced from a 
waveform, or two waveforms at different positions, as shown in Table 1. 
The Y-zoning is simply a method of moving the probe from a single peak 
to a double peak region as shown in Figure 3. Each time the probe rotates 
through the +X axis a sync pulse is produced which is the trigger source 
for producing a waveform. Experiments showed that if the probe is far 
off-center in the +Y direction, but not farther than the probe radius, the 
upper edge (+Y) gives a strong signal that appears in the first-half section 
of the waveform. The lower edge (-Y) gives a signal in the second-half 
section of the waveform. Thus, the necessary direction of movement can be 
predicted based on the location of the signal peak in the waveform; a fixed 
movement along the Y axis is executed until the double peaks appear in both 
sections of the waveform. 
Table 1. Scallop Centering Procedure 
Step Procedure Mechanical Motion 
1. Y-zoning Move probe into the double corner signal region 
2. Y-centering Move probe into the equal amplitude region 
3. X-centering Move probe into a specific time-delay region 
4. Y-centering Move probe back to the equal amplitude region 
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Fig. 2. Scallop signals along the machine X and Y axes 
Fig. 3. Mechanical motions in scallop centering 
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The Y-centering uses the amplitude difference between the double peaks 
to predict the amount of movement and direction along the Y axis. The 
amount of movement is the product of current amplitude difference and a scal-
ing factor. This factor is a ratio of the distance to the amplitude differ-
ence, and is calculated from two waveforms at different positions of known 
distance. The direction of movement along the Y axis (+ or -) is determined 
by the waveform section with the higher amplitude. The initial predicted 
movement usually places the probe in the equal amplitude region; if not, the 
Y-centering routine continues executing until the equal-amplitude criteria 
is satisfied. 
The X-centering uses the time delay between double peaks to predict the 
amount of movement and direction along the X axis. Experiments showed that 
the time delay between the two peaks increases proportionally as the probe 
moves along the X axis (starting at the open end and moving toward the 
scallop). The scaling factor is deduced by comparing the time delay at two 
different positions of known distance. The amount of movement is the prod-
uct of the difference between the current time delay and the specified time 
delay, and the scaling factor. The direction of movement depends upon the 
relationship of the current time delay to the specified time delay (lesser 
or greater). The specified time delay controls the position of the probe 
along the X axis, and is a constant for a given scallop size. 
Upon completion of the three centering steps, the probe should remain 
at the centered position and the waveform should satisfy the centering 
criteria. However, experiments showed that after the X-centering was com-
pleted, the amplitude difference of the two peaks changed slightly. This 
is because the line between the two corners of the scallop is not necessar-
ily Rarallel to the machine X axis, as seen in Figure 3. To achieve 
consistent centering, the Y-centering and X-centering must be executed 
repeatedly until the criteria are met. Usually, an additional Y-centering 
step is sufficient to achieve 0.001-inch precision along both axes. 
SOFT SURVEY MODE 
"Soft" survey is a new method for accomplishing the survey mode of 
inspection. In the old survey mode method, the sampler monitored the signal 
for threshold excursions. When an excursion occurred, the sampler sent an 
interrupt to the mechanical controller, which stored the seven axis positions 
at which the interrupt was sent. An unusually large amount of noise meant 
a correspondingly large number of positions being stored in the controller, 
which resulted in an "interrupt overflow" error condition. 
In the new soft survey, raw data is read out of the sampler's memory 
into the inspection module computer during the scan. The computer performs 
simple signal processing in software, hence the name "soft" survey. The 
signal processing consists of a four-point digital filter which is centered 
on the center frequency expected from the flaws, and a simple peak correla-
tion routine in which peak threshold excursions are found, and closely 
spaced peaks are combined into one peak. This processing reduces noise, 
and reduces the number of indications from a single flaw. In soft survey, 
threshold excursions do not generate interrupts. Instead, the computer 
keeps track of the location at which the peak occurs in the buffer, along 
with the buffer number. This is the equivalent of recording two axis posi-
tions (scan axis and index axis). At the end of each buffer of data, the 
sampler sends an end-of-buffer interrupt to the mechanical controller, which 
stores the related seven axis positions. The length of the scan is deter-
mined by the maximum number of positions the mechanical controller can store, 
which is approximately 300 for seven axis positions. The two survey modes 
are compared in Table 2. 
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Table 2. Comparison of Two Survey Modes 
Item 
Interrupt Source 
Number of 
positions stored 
Correlation 
Advantages 
Old Survey 
Threshold Excursion 
Seven axis positions 
for each excursion 
After scan 
"Soft" Survey 
End of Buffer 
Two "axis" positions 
During scan 
Peak detection 
Digital filter 
Tolerant to noise 
Tolerant to closely 
spaced indications 
Although a "peak excursion overflow" condition can occur • this should 
happen only in extremely noisy situations, and probably would indicate a 
problem in the scan, the disk, or the probe. Digital filtering makes the 
soft survey mode more tolerant to noise, and the correlation routine makes 
soft survey more tolerant to extremely rough or gouged surfaces which may 
produce many closely spaced indications. The soft survey is also very fast, 
allowing maximum scanning speeds to be used in the RFC/NDE Inspection System. 
METHOD 2 SELECT MODE 
In the Method 1 Select Mode, the inspection module computer monitored 
the entire waveform for threshold excursions at the suspected flaw area 
identified during the survey mode. If both the signal-to-noise ratio and 
threshold level were not high enough, false calls could be produced. To 
reliably detect small flaws, which usually give small signals, Method 2 
Select Mode was established. 
Method 2 is a window-threshold technique in which detection depends not 
only on the threshold, but also on the waveform shape. Experiments showed 
that when an EC probe (double-ended differential coil) scans across a flaw 
area, the resultant waveform has three common characteristics: 1) Zero 
crossing; 2) higher amplitude than average background; and 3) predictable 
slope (dependent upon each scan plan). Usually, the background does not 
satisfy conditions (2) and (3). Thus, when a buffer of data is read out of 
the sampler's memory into the computer, the Method 2 routine first looks 
through the entire waveform for the zero-crossing index. When the crossing 
is found, a maximum peak-to-peak amplitude searching routine is executed 
within a fixed time window which is centered about the zero crossing index. 
The maximum amplitude is then compared to the threshold to determine if it 
is a flaw or not. Method 2 is also very fast, allowing maximum scanning 
speeds in the RFC/NDE Inspection System. Method 1 and Method 2 are compared 
in Table 3. 
Table 3. Comparison of Method 1 and Method 2 Select Modes 
Item Method 1 Method 2 
1. Flaw determination Amplitude Amplitude, zero crossing, and 
criteria waveform slope 
2. Advantages Tolerant to noise, detects 
small flaws 
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Data from the Phase I Reliability Test, in which Method 2 was used, 
indicated a 90-95% confidence level for detecting surface flaws in the 
0.005-inch to 0.010-inch range in flat plates (web/bore surface), boltholes, 
and rivet holes. For example, a 0.003-inch deep fatigue crack in a rivet 
hole was reliably detected using Method 2, with the threshold at 40 milli-
volts and background at 34 millivolts. 
ANTIROTATION WINDOW INSPECTION 
Antirotation windows (ARWs) are critical geometries on seals which are 
used to join two gas turbine engine disks together. The shape, number, and 
grouping of ARWs vary depending upon the particular seal, as shown in 
Figure 4. The edges of the ARWs are sources of strong geometry signals 
which often have a higher amplitude than flaw signals, thus making a conven-
tional amplitude inspection technique very difficult, as shown in Figure 5. 
Therefore, a frequency select mode was developed which uses the frequency 
difference as a flaw determination criteria [1]. 
a) 
b) 
c) 
d) 
e) 
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Fig. 5. Antirotation window signals: (a) top waveform is 
from vertical channel and indicates a flaw; bottom 
waveform is from horizontal channel; (b) shows 
waveform from different type of antirotation window. 
Antirotation tang signal (c) indicates a flaw. 
Live rim signal (d) shows vertical channel only. 
Prior to applying the frequency select mode on an ARW, a dimensioning 
routine is executed to locate the position of the ARW edges. When the 
frequency select mode is executed, the probe scans across the critical ARW 
area, or the entire window if desired, and waveforms are collected from both 
vertical and horizontal channels . The waveforms are sorted into sections, 
with each section corresponding to a specific edge. A Fast Fourier Trans-
form (FFT) routine then converts all the sections of the time-domain wave-
form into the frequency domain spectrum, and the mean frequency of each 
spectrum is calculated. The mean frequency difference between the channels 
is compared to the frequency difference threshold for flaw determination, 
as seen in Figure 6. Plots of the frequency difference vs. index direction 
positions are shown in Figure 7. Plot (a) shows a flaw-free window, plot 
(b) shows a flawed window, and plots (c) and (d) show flawed windows with 
the flaws at different positions along the index axis. 
The frequency select mode has been applied to antirotation tang and 
live rim inspections, with encouraging results in both cases. 
SCALING OF FLAW DEPTH 
When a flaw is detected in the Method 2 Select Mode, the flaw size is 
recorded as length by amplitude. A study of the Phase I Reliability Test 
data revealed a linear relationship between the amplitude data and the flaw 
depth. However, a comparison of the amplitude-vs.-depth data plots for 
different specimen types (rivet hole, bolthole, flat plate) showed that the 
slopes differed by a magnitude of 4 for each specimen type . 
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Fig. 6. Flow chart of frequency select mode 
To rationalize the differenc~ in slope, the specimen scan plans were 
studied in terms of gain and frequency factors. A higher gain setting re-
sults in higher amplitudes for flaws. The gain setting is controlled by the 
"desired gain" parameter during calibration, and the notch size in the cali-
bration block. If the desired gain is higher, the calibrated gain will be 
higher and the detected flaw amplitude would be increased. However, if the 
notch size in the calibration block is larger, the signal from the notch is 
larger and, subsequently, a lower gain would be sufficient to calibrate the 
signal to the desired amplitude. Thus, a larger notch gives a lower gain 
and the detected flaw signal is lower. 
The second factor is the frequency effect. The expected frequency of 
the flaw signal can be calculated by dividing the coil size by the scan 
speed. For the rotary probe, if the probe is rotated at a constant rate 
(say, 1500 rpm), the frequency of the signal depends on the probe diameter. 
For surface probes, since the scan axis is the turntable, the frequency of 
the flaw signal depends on the turntable rotation speed, and the distance 
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Fig. 7. Antirotation window inspection results, frequency 
difference vs. index distance: (a) flaw-free 
window at one side; (b) flawed window on the 
other side; (c) and (d) flawed window on both 
sides at different index positions. 
.. .• 
from the probe to the center of the turntable. When the window size is 
smaller than the peak-to-peak time, the higher frequency will have higher 
amplitude. 
Based on these factors, the flaw amplitude is normalized by the gain 
and frequency factors. This normalized value is called the scaled flaw 
depth. The gain factor is the "desired gain" parameter in the scan 
plan, and the frequency factors are window size (in Method 2 Select Mode), 
probe diameter or the distance from the probe to the center of the turn-
table, and probe rotary speed or turntable rotary speed. This general 
formula applies to rotary probes of any size and surface probes at any 
location. The proportional constant is deduced by making the slope of 
scaled-depth-to-flaw-depth equal to one from the rivet hole data. No scan 
plan changes are necessary to utilize this scaling factor. 
Plots of the scaled depth vs. flaw depth for the three different spec-
imen types are shown in Figure 8. The straight lines are the least-squares 
best-fit lines for data from each specimen. The slope is 1.03 for the 
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Fig. 8. Scaled depth vs. flaw depth: (a) rivet hole (b) bolthole 
and (c) flat plate 
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rivet hole data, and 0.94 for the flat plate data. However, the slope is 
1.86 for the bolthole data. The current scaling of the flaw depth utilizes 
the amplitude of the flaw signal and is deconvoluted by the gain and fre-
quency factors with a general normalization formula. The scaled depth of 
the flaw using this formula is within 100% of the flaw depth. Further 
development of this scaling factor~ or sizing technique, will examine in 
more detail the effects of high pass and low pass filters on the flaw 
signals, and the effects associated with flaw location (i.e. at a chamfer, 
edge, or inside a hole). Additional sizing studies will be conducted using 
antirotation window data in which the frequency difference between both 
channels is used as a flaw indication. 
SUMMARY 
Improvements made in the automatic positioning, inspection, and signal 
processing algorithms in the RFC/NDE Inspection System have made possible 
the inspection of difficult geometries, including scallops and antirotation 
windows. Moreover, the flaw detection techniques implemented in the new 
survey and select modes have resulted in the reliable detection of small 
flaws. Finally, a scaling factor for estimating flaw depth has been formu-
lated, marking the first step toward a precise sizing technique. 
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